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Abstract
There is still 10-20% uncertainty on the neutron star (NS) mass-radius relation. These uncertainties
could be reduced by an order of magnitude through an unambiguous measure of M/R from the surface
redshift of a narrow line, greatly constraining the Equation of State for ultra-dense material. It is possible
that the SXS on ASTRO-H can detect this from an accreting neutron star with low surface velocity in the line
of sight i.e. either low inclination or low spin. Currently there is only one known low inclination LMXB,
Ser X-1, and one known slow spin LMXB, J17480-2446 in Terzan 5. Ser X-1 is a persistent source which is
always in the soft state (banana branch), where the accreting material should form a equatorial belt around
the neutron star. A pole-on view should then allow the NS surface to be seen directly. A 100 ks observation
should allow us to measure M/R if there are any heavy elements in the photosphere at the poles. Conversely,
J17480-2446 in Terzan 5 is a transient accretion powered millisecond pulsar, where the accreting material
is collimated onto the magnetic pole in the hard (island) state (Lx < 0.1LEdd). The hotspot where the shock
illuminates the NS surface is clearly seen in this state. A 100 ks ToO observation of this (or any other
similarly slow spin system) in this state, may again allow the surface redshift to be directly measured.
NS LMXB can also show winds from the outer disk, detected as H and He-like iron Kα absorption lines.
The most likely origin of these winds is from thermal driving (helped by radiation pressure when L ∼ LEdd).
This makes clear predictions about the launch radius, acceleration, and mass loss rate in the wind. Each of
these can be constrained with a 50 − 100 ks observation of the wind in the persistent source GX13+1. The
ratio of emission to absorption (P Cygni profile) gives the solid angle of the wind, required to determine
mass loss rates, while resolving the velocity width of the absorption gives much better constraints on the
launch radius than derived from CCD data, and the detailed profile of the blue wing of the absorption traces
the acceleration. This will critically test the thermal wind model of the disk wind.
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1 Introduction
Low Mass X-ray Binaries (LMXB) were the first compact accretion powered sources to be discovered (Sco
X-1), where a neutron star (NS) accretes via Roche Lobe overflow from a companion star. NS have similar
M/R to the last stable orbit around a moderate spin black hole (BH), so their accretion flows should be similar.
The difference is that the NS have a solid surface, while black holes do not. The surface means that there
is the possibility of X-ray bursts from nuclear burning of the accreted material onto the surface, or coherent
pulsations from magnetically collimated accretion as well as a boundary layer between the flow and the surface
which produces both an additional emission component and an additional source of turbulence (high frequency
noise). However, the most important possibility from the surface is that there could be atomic features. Their
gravitational redshift would give a direct, accurate, measure of M/R to observationally constrain the quantum
chromodynamics (via the equation of state) at densities which are far beyond those currently accessible to
laboratory experiments.
Another difference between the NS and BH is that the NS has smaller mass. Thus a given type of companion
star must be closer in order to overflow its Roche lobe. The disk is truncated by tidal forces at about half the
orbital separation so the disk is smaller and hence less likely to dip below the Hydrogen ionisation temperature
which causes the disk instability (King et al. 1996). Thus many NS are persistent sources, making targeting
and scheduling easier than in the typically transient BH. Disk-jet coupling, the physics of the accretion flow,
the origin of the quasi-periodic oscillations (both low and high frequencies), and the origin of winds from the
disk are all issues which can be addressed using the NS systems as well as the BH. For example, disk accreting
NS LMXB (atolls) show the same hard/soft spectral transition as seen in BH, going from the island state (hard)
to banana branch (soft) to Z sources (Eddington and above) as the mass accretion rate increases (Lin, Remillard
& Homan 2009).
The disk size is also important in determining whether the system should power an equatorial disk wind.
X-ray illumination heats the upper layers of the disk to the Compton temperature. At small radii this is still
bound, so forms a static ‘corona’ (a confusing name as this in unrelated to the intrinsic hard X-ray source which
is also termed ‘coronal’). At larger radii, the velocity associated with the Compton temperature is sufficient for
the material to escape as a thermally driven wind. Since NS typically have smaller disks than BH, winds should
be rarer, seen only in the largest separation binary systems.
The vertical structure from the static ‘corona’ (and wind), together with the interaction of the accretion stream
with the disk, gives an inclination dependence to LMXB spectra. At low inclinations there is an unobscured
view of the inner disk, at higher inclinations there can be absorption lines from the ‘corona’ (and wind), at
even higher inclinations there are also periodic absorption dips from the clumpy impact of the stream and disk
(dippers), and at extreme inclinations, we see the central source only via scattering in the ‘corona’ as a direct
view is obscured by the disk and/or companion star (Accretion Disk Corona: ADC sources e.g. Frank, King &
Raine 1987).
However, the key property of the NS, that of its surface, gives rise to some distinctive behaviour. LMXB
are old systems, and the NS surface field is low (below 1010 G in order to show bursts). Measured fields are a
few ×108 G from the handful of systems which show magnetically collimated accretion - the accretion powered
millisecond X-ray pulsars (AMXP). Surface fields must be lower in the transient NS as these do not show pulses
at similarly low mass accretion rates. This is generally explained by them having a higher long term average
mass accretion rate which buries a similarly strong surface field (Cumming et al. 2001, but see Lamb et al.
2009 for an alternative).
Unlike the BH in LMXB (King & Kolb 1999), the spins of NS in LMXB have changed substantially during
their lifetime. Firstly, they spin down from their birth via a rotation powered pulsar phase, then when the binary
makes contact they spin up via the accretion of angular momentum as seen by the fast spins inferred from burst
oscillations in LMXB (see e.g. the review by Patruno & Watts 2012). The accretion rate declines as the binary
evolves, so the magnetic field can emerge from the surface and give an AMSP. Eventually the accretion rate
becomes so low that the NS can re-emerge as a low field (∼ 108 G) rotation powered millisecond pulsar, where
the pulsar wind ablates the companion star, hastening its demise (black widow pulsars and red backs: Papitto
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et al. 2013).
2 The Equation of State for Nuclear Matter
2.1 Background and Previous Studies
The mean density of a NS is 2−3×nuclear, and their central densities are much higher. This is a regime in which
quantum chromodynamics cannot be tested in laboratory experiments, so there is considerable uncertainty in
the equation of state (EoS) models. Current constraints from mass measurements of NS already favour a
’normal nucleon’ EoS, giving predicted radii which do not depend much on mass from 1 − 2M at 11 − 12 km
(∼ 7 − 3.5Rg e.g. Ozel 2013). However, there are still a range of models within this region, and substantial
model uncertainties even for a given EoS (Hebeler et al. 2013). Better astrophysical data would give clear input
to the nuclear physics community to constrain their models.
Constraints on M/R can be made in a variety of ways:
a) redshift of any narrow lines emitted from the photosphere of the NS (SXS)
b) redshift of the broad iron line from reflection from the accretion disk as the inner edge of the disk is
an upper limit on the size of the NS (SXS to get detailed line shape without pileup and resolve out narrow
emission/absorption features, plus broad band spectrum to constrain the complex continuum)
c) detailed pulse profile modelling of accreting millisecond pulsars and burst oscillations (broad band spectra)
d) a direct measure of the radius from the luminosity and temperature of thermal radiation from the NS
surface cooling after accretion has stopped (broad band spectrum in quiescence)
The problem is important enough that all of these approaches need to be used as it is only when we get
consistent answers from multiple methods that there can be real confidence in the result. Nonetheless, only
measuring redshift from a narrow line offers the possibility of significantly improved constraints on M/R with
ASTRO-H.
2.2 Prospects & Strategy
The SXS effective area around the iron K alpha line is almost an order of magnitude larger than the Chandra
HETG, the only other high resolution instrument to cover this transition (225 versus 28 cm2 at 6.5 − 7 keV).
However, this effective area gain in ASTRO-H is offset by the maximum count rate limit for pileup in bright
sources, with the two instruments having equal usable counts at iron for a flux of ∼ 4 × 10−8 ergs cm2 s−1 for
a soft transient with typical Galactic NH ∼ 6 × 1021 cm2. Nonetheless, weak and narrow features are still more
easily detected and characterised in ASTRO-H as its resolution is better by a factor ∼ 8 − 10 at iron, giving it
significant discovery space even in bright sources.
To see narrow absorption lines from the NS surface requires that there are heavy elements in the photosphere,
that these are not completely ionised, that the photosphere is not buried beneath the accretion flow, and that the
resulting atomic features are not substantially broadened by thermal, magnetic or rotational effects.
Heavy elements are deposited onto the NS surface by the accretion flow. They are stopped by collisional
processes, which are more efficient for higher mass/charge ions. Hence iron and other heavy elements are
halted higher up in the photosphere than lower atomic number elements. They can then be destroyed by
spallation bombardment (by the still energetic helium and hydrogen ions, transforming the iron nuclei to lower
Z elements) or sink under gravity. The deposition and destruction rate both depend linearly on M˙ so the steady
state Fe column is around solar, independent of M˙ for Lx > 6 × 1032 ergs/s (Bildsten, Chang & Paerels 2003;
Chang, Bildsten & Wasserman 2005). Thus there can be iron in the photosphere of an accreting NS, especially
as the outwards radiation force on the line transitions act against gravity to keep iron (and other elements) from
settling where these are not completely ionised (Chang, Bildsten & Wasserman 2005) i.e. for temperatures of
less than ∼ 1.5 keV (Suleimanov, Poutanen & Werner 2012).
The surface can only be seen if it is not hidden beneath the accretion flow. This depends on the geometry of
the accreting material as well as its optical depth. At low accretion rates, the accretion flow is hot and quasi-
spherical interior to some truncation radius at which the thin disk evaporates (island state). There is additional
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Figure 1: From left to right shows the changing geometry of the accretion flow onto the NS surface with L/LEdd increasing from
∼ 10−4, ∼ 10−2, ∼ 0.1 and ∼ 1. At the lowest mass accretion rates the disc (red) is truncated far from the NS surface (green), and the
inner accretion flow/boundary layer is hot and optically thin (blue). The flow becomes more optically thick but remains hot as the mass
accretion rate increases in the island state, so that the neutron star surface can still be seen through the translucent flow. The flow then
collapses into a thin disc, so the boundary layer (yellow) forms an optically thick equatorial belt, which then extends upwards with
increasing mass accretion rate to cover the entire surface.
luminosity from the boundary layer where this settles onto the surface, but the flow and boundary layer merge
together, forming a single hot (∼ 30−50 keV), optically thin(ish) (τ ∼ 1.5−2) structure (Medvedev & Narayan
2001). A fraction e−τ of the surface emission should escape without scattering, so ∼ 10 − 20% of the intrinsic
NS photosphere should be seen directly. The temperature of this surface emission can also be seen imprinted
onto the low energy rollover of the Compton spectrum and is only ∼ 0.5 − 0.6 keV (e.g. Sakurai et al. 2012),
so there should be atomic features (see Figure 1a and b).
At higher mass accretion rates (L ≥ 0.1 − 0.5LEdd), the thin disk extends down to the NS surface, forming a
boundary layer where it impacts around the NS equator. The boundary layer is now optically thick (τ ∼ 5− 10)
so hides the surface beneath it, though the temperature can still be seen via its imprint on the low energy rollover
of the Compton spectrum at ∼ 0.8 − 1.3 keV. The boundary layer itself is at the local Eddington temperature of
∼ 2.5 keV (Revnivtsev, Suleimanov & Poutanen 2013), so is completely ionised. However, the vertical extent
of the boundary layer depends on the accretion rate, and it only covers the entire surface, extending up the NS
pole only when the accretion rate is around Eddington (Suleimanov & Poutanen 2006, Figure 1c and d).
Thus the surface is always at low enough temperatures to not be completely ionised, but is completely covered
by the optically thick, completely ionised accretion flow at L ∼ LEdd (upper banana branch and Z sources). It is
also completely covered by the much hotter (so still completely ionised) accretion flow at low mass accretion
rates (island state), but here the material is not so optically thick so a fraction of the surface can be seen directly.
Hence the largest fraction of surface emission would be seen from a pole-on view of a lower banana branch
source, where the optically thick accretion flow is confined to an equatorial belt, or in an island state, where the
accretion flow covers most of the surface but is optically thin(ish).
The surface can also be seen directly during X-ray bursts. Bursts have the advantage that there are almost
certainly some heavy elements present in the photosphere due to dredge up in the thermonuclear explosion.
However, the bursts reach high enough temperatures that all elements are completely ionised (Suleimanov et
al. 2012). Bursts occur over only a small fraction of a total observation, and selecting only the cooler phases of
the burst will limit the signal-to-noise even further, making this unlikely to be feasible.
Looking at the surface emission outside of the bursts may then be the better strategy. Any atomic features will
be redshifted to E from E0 depending on the radius of the star r = R/Rg ∝ R/M where r = 2/[1− (E/E0)2] and
E/E0 ∼ 0.8 for typical NS parameters (r = 6 corresponds to 12.6 km for 1.4M i.e. a surface redshift of 0.22,
while a radius of 10 km gives a redshift of 0.30). This shift is the same over the entire surface for a spherical
star, with thermal and Stark (pressure) broadening giving an intrinsic width of a few eV. Magnetic fields in
the line-forming region broaden the lines via the Zeeman effect, giving ∆E ∼ 12B9 eV, where B9 = B/(109G)
(Loeb 2003), so as long as B9 < 1 (as is usual in LMXB) then this is still narrow for the SXS.
However, there is also rotational broadening, with ∆E ∼ 1600(νspin/600Hz)(R/10km) eV (Ozel 2013), and
this is a clear issue as most LMXRB (i.e. systems with B < 109 G as required) have spins νspin = 185− 650 Hz
(Pappitto et al. 2011).
Thus the only way to have any significant chance to recover narrow atomic features is to have an accreting
NS where the surface is not too highly ionised (i.e. not strong X-ray bursts) and can be seen directly (i.e. not the
high mass accretion rate upper banana branch or Z sources). More stringently, to see these features as narrow
requires that the line of sight velocity component from the surface is small (slow spin NS, pole on faster spin
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NS, phase resolved small spot on NS), and that the magnetic field is low.
Any target meeting these requirements should be a high priority PV observation.
2.3 Targets & Feasibility
2.3.1 Low inclination
Normal spin systems which are viewed at low inclination (< 30◦) can still show a narrow core to the line
profile, even though the majority of the line is rotationally broadened (Baubock, Psaltis & Ozel 2013). There
is one atoll system, Ser X-1, where optical spectroscopy of the 2 hour binary orbit indicates a low inclination,
i < 10◦ (Cornelisse et al. 2013). A low inclination is also consistent with the non-detection of dips in the X-ray
lightcurves (the structures in the MAXI long term light curves are not real: Shidatsu, private communication),
and the lack of any burst oscillations in the X-ray burst lightcurves (Galloway et al. 2008). This persistent
system is always in the soft state (mid banana branch, L/LEdd ∼ 0.3 for 7.7 kpc), so the disk should extend
down close to the NS surface, consistent with the iron line broadening seen by NuSTAR (Miller et al. 2013).
We fit the Suzaku XIS (black) and HXD (grey) data with a model incorporating the disk (diskbb: red), NS sur-
face (bb: magenta), Comptonised boundary layer (nthcomp: blue) and its reflection (kdblur×rfxconv×nthcomp:
cyan). This gives χ2ν = 1115/598. The observed blackbody temperature from the NS surface is ∼ 0.6 keV. This
is gravitationally redshifted, so the intrinsic surface temperature is a factor 1.2 − 1.3× higher. This intrinsic
photospheric emission is not a true blackbody, but can be approximated by a colour temperature corrected
blackbody, where the colour temperature correction factor fcol ∼ 1.4 − 1.5 (Suleimanov et al. 2012). This
cancels out most of the redshift, so the intrinsic photosphere temperature should be similar to the observed
blackbody temperature at ∼ 0.6 keV. This is cool enough that there can easily be atomic features present.
We replace the blackbody in the fit with a NS photosphere model at 6M K (V. Suleimanov, private commu-
nication). We convolve this with the full transfer function expected from a NS rotating at 400 Hz (a typical
spin) viewed at 10◦, assuming a mass of 1.4M and 10 km radius (M. Baubock, private communication), cor-
responding to log g = 14.27. This is effectively the same as convolving the photosphere model with gsmooth
with ∆E = 0.05 keV at 6 keV, and ∆E/E = 1, together with a redshift zsurface = 0.305. This shows that
there are 4 main absorption features at this temperature (see Fig 1a), FeXXV at 1.8508Å, a blend of ArXVII
Lyα (3.9493Å) with SXVI Lyβ (3.9908Å) at mean wavelength of 3.9700Å, CaXIX at 3.1773Åand SXVI at
4.7328Å.
We fit the full photosphere/transfer function model to the Suzaku data, but allow the NS temperature to
be slightly different than the tabulated model by multipling the 6M K template by a further redshift (za-
shift=0.039), showing that the data prefer a slightly lower intrinsic photosphere temperature. We get a slightly
better fit for this more realistic photosphere model than with the pure blackbody, with χ2 = 997/597 (one
fewer degree of freedom as the seed photons for Comptonisation are no longer tied to the NS temperature)
but this is due to the fact that the data prefer the broader continuum over a narrower blackbody, rather than
Suzaku detecting the lines. The 4 main lines have equivalent width of 2.2eV (FeXXV), 1.8 eV (CaXIX), 1.8eV
(ArXVII/SXVI) and 1.9eV (SXVI) against this continuum model.
We simulate this model, which includes the photospheric lines with total redshift zsurface = 1.305×1.039−1 =
0.356, through the SXS, using the 7eV resolution response. This gives a count rate of ∼ 350 c/s so we use the
neutral density filter to reduce this to 88 c/s. We resimulate this for 50 ks and 100 ks, and fit each dataset in
the 1-10 keV bandpass with the original Suzaku model i.e. with a blackbody for the NS surface. The lines are
clearly detected in all simulations by plotting the resulting χ2.
We then add in the 4 narrow gaussians, all with the same broadening (gsmooth with ∆E = 0.05 keV at 6 keV,
and ∆E/E = 1) and redshift (zashift). These are very significantly detected in both simulations, with ∆χ2 = 136
and 220 for 50 ks and 100 ks, respectively. Both return the input zsurface = 0.356 both with uncertainties of
∼ 1% due to the width of the lines.
The significance of the detection is mainly due to the two low energy lines, as can clearly be seen in the
χ2 residual plot to the continuum models. In the 50 ks simulation, ∆χ2 for each line is 15 (Fe), 22 (Ca), 53
(Ar/S) and 47 (S). Thus this is clearly feasible to detect all 4 lines even in 50ks, but this did not allow for
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pileup/PSP/telemetry limitations. To derive a similarly good spectrum in only high+medium resolution counts
will probably take 100ks of observing time.
However, the most significant lines are at energies where it should also be possible for the Chandra gratings
to detect them, though chip gaps mean the sensitivity is reduced at 1.95 and 2.3 keV. There are currently 150ks
of Chandra METG/HETG data (soon to be increased by another 150ks). A preliminary analysis of these data
(E. Cackett, private communication) shows no obvious features at this level. A more detailed analysis of the
Chandra grating data should be able to constrain the line equivalent widths even if they are a factor 2 smaller
than predicted here. An upper limit (as opposed to a marginal detection) from Chandra would imply the
photosphere abundances of these elements at the poles is less than ≈ 0.5 − 1× solar.
The models used here assumed solar abundances, as indicated from the strength of reflected iron line observed
from the accretion disk. There is significant uncertainty on the abundance distribution over the NS surface both
due to the spallation (Chang et al. 2005), and due to the spatial inhomogeneity of the accretion flow. Accretion
is expected to occur in an equatorial belt, so a pole-on view gives an unobscured view of the NS surface, but
could be dominated by material where the heavy elements have settled out and are not replenished by accretion.
This source has X-ray bursts (Galloway et al. 2008, 0.1 per hour so expect 2-3 in 100 ks, though there appear
to be none in the 150ks Chandra data) which should dredge up the elements over the whole surface, but these
can sink rapidly after the burst (see e.g. Ozel 2013), A 100ks ASTRO-H observation would tightly constrain the
elemental composition of the NS crust at the poles.
The cool phase of the bursts can additionally be searched for atomic features since the abundances here may
be extremely supersolar due to dredge up.
2.3.2 Beyond Feasibility: low inclination
All the burst spectra can give 10-20% constraints on M/R from the measured luminosity and temperature of the
burst.
The HXI and SGD together will trace the shape of the continuum at high energies. The Swift BAT already
shows that there is no persistent hard tail which extends out to higher energies, but the Suzaku HXD and NuS-
TAR data show that the shape of the rollover is not completely matched by a single temperature Comptonised
spectrum and its reflection. Simultaneous data at high energies will show whether the Comptonised boundary
layer has some range in temperature, as predicted by models of the spreading equatorial belt (Suleimanov &
Poutanen 2006).
The reflection spectrum from the accretion disk again can give 10-20% constraints on M/R from the iron line
profile (e.g. Miller et al. 2013).
2.3.3 Slow spin
The slowest known NS spin system is IGR J17480-2446 in Terzan 5 (T5X2 hereafter) where νspin = 11 Hz,
equivalent to 30 eV in rotational broadening. However, this is also an AMXP, with inferred magnetic field of
few ×108 − 1010 G (Miller et al. 2011; Cavecchi et al. 2011; Patruno & Watts 2012). Zeeman broadening
dominates over rotational broadening at the upper end of this range, with predicted width of 100 eV, but the
detected high frequency QPO in this system constrains the field to the lower range (Barret 2012).
The next slowest spin system is the accreting millisecond pulsar XTE J0929-314 at 185 Hz (the 45 Hz
claimed spin from EXO0748 is now known to be spurious with the true spin at 550 Hz, and the 95 Hz signal
from XB 1254-690 is only a 2σ detection see e.g. the compilations in Patruno & Watts 2012; Ozel 2013).
Hence rotational broadening is over 300 eV, making the features undetectable. Thus currently the only known
slow spin system is T5X2.
As this is an AMXP the accretion geometry can be rather different to that of the standard LMXB. At low mass
accretion rates, the quasi-spherical hot accretion flow can be collimated by the B field, forming a shock when
it hits the NS surface. Hard X-ray emission from the shock illuminates the NS surface close to the magnetic
pole, forming a hotspot. Evidence for this is seen from the different pulse profiles of the (blackbody) hotspot
and hard X-ray Comptonised emission from the shock (e.g. Gierlinski, Done & Barret 2002). Hence it is clear
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in this state that we do see part of the NS surface directly. There should also be a cooler component from the
unilluminated NS surface further from the shock, and an even cooler component from the truncated thin disk
(e.g. Kajeva et al. 2011).
T5X2 is also the only known AMXP to go to high enough mass accretion rates to go into the soft state.
Here the disk should extend down (close to) the NS surface, and the pulsed fraction drops abruptly (though it
is still detectable: Papitto et al. 2012). In fact, this source goes to such high luminosities that it becomes a Z
source (Altamirano et al. 2010). There is a Chandra grating observation 5 days after the Z source peak, when
the source had already dimmed down to the banana branch (L/LEdd ∼ 0.3 for 5.9 kpc: Papitto et al. 2012;
Chakraborty et al. 2011). The continuum spectrum is very similar to that from Ser X-1, and again there are
no features from the NS surface in the Chandra data (Miller et al. 2011), though here the NS surface may be
less visible than in Ser X-1 as T5X2 is not pole on. Thus for this source there is more chance of detecting the
surface in an island state rather than on the banana branch.
T5X2 is a transient, and is currently in quiescence so we need to wait for another outburst. Figure 4a shows a
model for a bright island state of SAX J1808.4-3658 (hereafter J1808) from Kajava et al. (2011), where the total
(black) includes the disk (red), neutron star surface (green) and comptonised emission (blue). The grey line
shows the NS surface from a 6M K solar abundance thermal NS model (V. Suleimanov, private communication),
with surface redshift of 0.3. This is broader than than the blackbody, but this roughly matches the peak energy
and normalisation component seen in the data.
We convolve the NS surface model with gsmooth with ∆E/E = 1 and an intrinsic line width of 30 eV at
6 keV as appropriate for the low spin of T5X2. We scale the entire model for the factor of 2 difference in
distance between J1808 and T5X2, and replace the J1808 column of 0.11 × 1022 cm−2 with 1.5 × 1022 cm−2
for T5X2 (Miller et al. 2012). We simulate this model, including the full NS surface features, through the SXS
response for 100ks. The count rate is 12 c/s so it is not piled up.
We fit the simulated SXS data (Fig4b) with a disk, blackbody and comptonisation model (red, green and blue
lines, respectively), and there are clear residuals as shown in Fig 4c. As in the low inclination system Ser X-1
above, the largest features seen correspond to the same 4 lines, SXVI at 4.7328Å, a blend of ArXVII/SXVI
at mean wavelength of 3.9700Å, CaXIX at 3.1773Åand FeXXV at 1.8508Å. We fit four negative gaussians at
these energies, with redshift and broadening tied between them. While the SXVI line is the most significant
(Fig 4c), it has EW of only 5 eV. The FeXXV line by contrast has an EW of 10 eV but the detector is less
senstive at energies of ∼ 5 keV than at ∼ 2 keV, The fit statistic decreases by χ2 = 350 for the addition of the
four lines so the derived redshift is well constrained at zsurface = 0.3 ± 0.003 and is unambiguous as it uses all 4
lines rather than relying on the identification of a single feature. The presence of other, weaker features means
that the broadening is slighly overestimated, at 65 ± 10 eV at 6 keV.
There is a drop in the effective area of the SXS feature in the response matrix at 2.18-2.3 keV. Sharp features
in the response can cause narrow residuals if the energy scale is not properly calibrated. However, the edge in
the current detector response is not particularly sharp, so is unlikely to cause confusion with a narrow line.
2.3.4 Beyond Feasibility: slow spin
Long observations in the island state are almost certain to sample X-ray bursts, with an average of 10 expected
per 100ks observation (Galloway et al. 2008). There is the possibility that there are photospheric features in
the burst spectra, especially at the coolest temperatures seen which are < 1.5 keV where iron should not be
completely ionised. Bursts from T5X2 give the possibility of seeing these features (Blidstein, Chang & Paerels
2003; Rauch, Suleimanov & Werner 2008). The burst continuum luminosity and temperature will also give
constraints on M/R.
The T5X2 island state data show a low frequency (LF) QPO, which already challenges the Lense-Thirring
model for this feature as the very slow spin in this system means that any torque between the spin and a
misaligned accretion flow is small (Altamirano et al. 2013). Nonetheless, the LF QPO signal can still be split
up as a function of QPO phase to search for the ‘smoking gun’ signature of precession of a vertically tilted flow,
where the iron line profile shifts bluer before the phase of peak intensity of the QPO, and redder afterwards
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(Ingram & Done 2012; see the ASTRO-H Black Holes white paper: Miller et al. 2014).
Island states should also show reflection from the accretion disk. The width of the broad line and the solid
angle of the reflecting material together can show whether or not the inner thin disk is replaced by a hot flow
as proposed in the truncated disk models. This can be constrained by spectral fitting alone, but the continuum
is complex, with contributions from the disk, NS photosphere and Comptonisation spectrum as well as the
reflected emission from the disk and perhaps some component of reflection from the NS surface (e.g. compare
Cackett et al. 2010 and Egron et al. 2012; see also Sanna et al. 2013). However, the iron line and reflected
continuum should also be lagged on a light crossing time, so a combination of spectral-timing techniques
(which are currently being developed) may give better constraints.
2.3.5 Phase resolved emission
The accreting millisecond pulsars have pulsed emission showing that the accretion flow is collimated onto the
magnetic pole. Phase resolved emission then limits the velocity broadening in each phase bin. For a small
shock this could recover a narrow feature which shifted systematically with phase, but recent results indicate
that this shock region is probably fairly extended in azimuth (Kajava et al. 2011), so atomic features will still be
broadened by the velocity range from the NS surface even in a phase resolved anaysis, making this unfeasible.
All these systems are transients, so this would additionally require a ToO
3 Linking outflows to inflows in strong gravity: Winds in absorption
3.1 Background and Previous Studies
The radius of the NS is similar to that of the last stable orbit, so the gravitational potential seen by the accretion
flow is the same as that of black holes (BH). Thus the accretion flow structures (disk, corona, disk jet, diskwinds)
should be similar in both the NS and BH systems, though the presence of a surface in the NS gives an additional
boundary layer continuum component, while an ergosphere could (but probably doesn’t: Migliari & Fender
2006) give an additional spin powered jet in the BH.
Absorption lines from ionised material are seen in many LMXB systems, both NS and BH. These are most
obvious during the deep absorption dips connected to the accretion stream impact on the diskwhich modulate
high inclination sources on the orbital period, but there is also more highly ionised material seen mostly via
iron Kα absorption lines present outside of the dips, showing that it is distributed above the disk at all azimuths
(see e.g. the review by Diaz Trigo & Boirin 2012 for NS and Ponti et al. 2012 for BH). Key questions which
can be addressed with the SXS on ASTRO-H are a) How is this material fed from the disk ? b) How much mass
is lost in the wind and what is the impact of this on the accretion disk/jet structure ? c) Are there any differences
between the winds in BH and NS systems ?
Again, the SXS on ASTRO-H has enormous discovery space in terms of the properties of this highly ionised
material due to its factor of 10 better energy resolution at iron K, as well as a factor 10 increased effective area
for sources below ∼ 4 × 10−9 ergs cm−2 s−1 (pileup count rate limitations cut in above this flux).
3.2 Prospects & Strategy
X-ray irradiation of the disk must produce a thermally driven wind/corona. The X-ray flux from the in-
nermost regions illuminates the upper layers of the outer disk, heating it up to the Compton temperature,
TIC (which depends only on spectral shape). The heated upper layer expands on the sound speed vIC =
(kTIC/(µmp))2 due to the pressure gradient, so the thermal energy driving the expansion is larger than the
binding energy at radius RIC = (1 − L/LEdd)(vIC/c)−2Rg = 6 × 105(1 − L/LEdd)(kTic/107 K)−1Rg = 1012(1 −
L/LEdd)(kTic/107 K)−1(M/10M) cm so the material escapes as a wind (Begelman et al. 1983). A more careful
treatment shows that this leads to a wind from the outer diskwhen R > 0.2RIC and the luminosity is bright
enough to sustain rapid heating. Conversely, at smaller radii/lower luminosity the material remains bound but
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forms an extended atmosphere above the disk (Begelman et al. 1983, Woods et al. 1996; Jimenez-Garate et al.
2002).
The strong X-ray illumination from the central source/inner accretion disk ionises the wind, and the ionisation
parameter ξ = L/nR2 can be estimated from the ratio of H to He-like absorption line equivalent width (EW).
However, these EW’s are set by a combination of the column density in that ion species, together with the
turbulent velocity in the wind. CCD resolution only gives an upper limit for the velocity width of the line,
which typically can be produced from a wide range of column densities (saturated regime of the curve of
growth). This uncertainty on column combines with uncertainty from the geometry (NH = n∆R < nR) in
estimating the launch radius R < L/(ξNH).
Current data from the NS systems show a good match to the thermal wind predictions, as the absorbing
material with inferred small radii is static, while outflows are only seen at radii larger than 0.2TIC (Diaz Trigo
& Boirin 2012). This is in contrast to the controversy over the wind driving mechanism in black hole LMXB
systems. Many winds in the black hole systems are also consistent with thermal driving, but the dramatic ab-
sorption seen in one observation of GRO J1655-40 requires additional mass loss, probably indicating magnetic
driving (Miller et al. 2006; Luketic et al. 2010) unless the wind is so thick as to cause the source luminosity
to be severely underestimated (Done, Gierlinski & Kubota 2007). The fact that such extreme winds are not
seen from any of the short period (small disk, persistent) high inclination (dipping) NS systems (Diaz Trigo &
Boirin 2012) strongly argues against any similar magnetic driving being important in the NS. A single obser-
vation of Cir X-1 is the only counterexample of an NS wind outside of the thermal wind region (Diaz Trigo
& Boirin 2012), but the spectral complexity often seen from this source means that its luminosity could be
strongly underestimated.
ASTRO-H will improve on this by giving a direct measure of the turbulent velocity, to give a well constrained
ion column from the observed equivalent width. The improved sensitivity at high energy coupled with the better
energy resolution means that it is likely that the weak Kβ absorption lines will be independently detected and
constrained. These are not saturated so they give an unambiguous measure of the ion column density.
The mass loss due to a thermal wind increases with increasing disk radius (Begelman et al. 1983; Woods et
al. 1996), hence for the longest period systems the prediction is that the mass loss rate is a factor few larger
than the observed mass accretion rate onto the compact object. This mass loss rate can be measured from the
ratio of emission to absorption (P Cygni profile) seen in the wind lines. The best current data from Chandra
currenly only give an upper limit to the solid angle subtended by the wind as less than a third of that expected
from a spherical wind in GX13+1 (Ueda et al. 2004). The much better resolution of the SXS should enable a
detection of the associated emission, and hence give a direct measure of the mass loss rate in the wind.
In thermal wind models, the intrinsic line width is set mostly by the velocity profile (decreasing with launch
radius along the disk but increasing with height as the material is accelerated by the thermal expansion) rather
than by true turbulence. The high resolution line profiles of unsaturated lines should constrain this, allowing the
acceleration law to be reconstructed. The profiles should also constrain the solid angle of the wind through the
ratio of emission to absorption, allowing the total mass loss rate to be determined. All these features (launch
radius, outflow velocity, velocity profile, mass loss rate) can then be critically compared to the thermal wind
models to stringently test these against the first data which can properly resolve the velocity structure.
3.3 Targets & Feasibility
Many NS systems are physically small, so their disks do not extend far enough to power a wind, so they can
only show static coronae. However, systems with evolved companions have larger orbits and hence larger disks,
so are more likely to show wind features. However, large disks are also more likely to trigger the Hydrogen
ionisation instability, so these systems are transient unless the mass transfer rate from the companion is very
high (King & Kolb 1999). Data from the NS systems show that the ionised material is significantly blueshifted
(i.e. is a wind) only where its inferred distance is larger than 0.2RIC (GX13+1, with very long orbital period of
∼ 24 days, and the transient T5X2), and that the outflow velocity is of order the escape velocity at the launch
radius, so vIC = (R/Rg)−1/2c ∼ 500 − 3000 km s−1 for 0.2RIC , consistent with a thermal wind.
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The LMXB catalog of Liu et al. (2007) shows that GX13+1 is the only long period sub-Eddington (atoll
rather than Z source) system. It is persistent, so scheduling is not an issue, and it persistently shows absorption
lines from Fe XXV and XXVI (Ueda et al. 2001; 2004; Diaz Trigo et al. 2012), as well as lower equivalent
width features from Hydrogen-like Mn, Cr, Ca, Ar, S, Si, and Mg. The lines have a blueshift of ∼ 450 km s−1
and an intrinsic width of ∼ 490 ± 110 km s−1 (i.e. at the limit of the Chandra HETG resolution). The lines
will be easily resolved with the SXS. Fig 5a shows a simulation of a 50 ks SXS spectrum, with flux reduced
by a factor 3 to give a countrate of 65 c/s. The model tbabs×zxipcf×(diskbb+bbody+gau) has an ionised
absorber with column of 3 × 1023 cm−2 and log ξ = 4.41 (similar to that seen by Ueda et al. 2004). Fig 5b
shows a close up of the resolved line profile around Fe XXVI Kα. This ionised absorber was simulated with
a turbulent velocity of 200 km/s and is easily resolved by the SXS, and is clearly saturated, being completely
black in the center. None of the other lines are saturated, so the column can be measured unambiguously from
the Fe XXVI Kβ line.
However, winds are not dominated by turbulent velocities. Instead, their velocity structure is determined by
the acceleration mechanism, imprinting itself onto the (unsaturated) line profiles. Standard P-Cygni lines can
be fit assuming a simple model for the column at each velocity of τ(v) ∝ (1 − v/v∞)α. The red and black lines
in Fig 5c show what happens to the line shapes for different acceleration laws, parameterised by different α and
v∞. Thermals winds have the majority of the acceleration happen close to the launch radius, so most of the
material is outflowing at the terminal velocity (red line: α = 0.2 with v∞ = 450 km/s). By contrast, magnetic
driving could give rise to much slower acceleration, where the majority of the absorption occurs for material
which is not yet at its terminal velocity (black line: α = 4 with v∞ = 900 km/s scaled to the same depth). The
change in shape of the blue wing of the absorption line can be seen in a 100 ks ASTRO-H simulation (red and
black points) of a source with 2-10 keV count rate of 45 counts/s in the SXS, though it may be possible to
recover this significance from a 50 ks observation by stacking the line profiles from all unsaturated lines. These
different velocity structures give the most sensitive diagnostic of the launch mechanism.
The models in Fig 5c were for a pure P-Cygni profile (Lamers et al. 1987; Done et al. 2007) i.e. assuming a
spherically symmetric winds, so give maximum emission associated with the absorption. The Chandra HETG
already limits the solid angle of the wind to be less than a third of this maximum (Ueda et al. 2004), so
the emission in these profiles is overestimated. Fitting the detailed line profiles should determine the ratio of
emission to absorption, and hence give an unambiguous measure of the solid angle of the wind as required to
determine the total mass loss rate. More theoretical work to develop P-Cygni profiles from diskwinds should
be done so that these models can explicitally be fit to the data to constrain the solid angle of the wind.
3.4 Beyond Feasibility
GX13+1 is in the upper banana branch, so should have its disk be close to the NS surface. The broad iron line
is clearly seen in the XMM-Newton datasets (Diaz-Trigo et al. 2012). The width of the line should determine
the inner radius of the disk, and hence give an upper limit to the size of the NS surface.
This source also shows weak evidence for a hard tail above 50 keV from INTEGRAL data (Paizis et al. 2006).
The HXT and SGD will be able to constrain this component with much greater confidence, so that its nature
and origin can be better understood.
4 Linking outflows to inflows in strong gravity: Winds in emission
4.1 Background and Previous Studies
LMXB seen at very high inclination have the inner disk completely obscured by the outer disk so the source is
seen only indirectly through scattering in the corona and wind, though this reflected emission is also overlaid by
recombination from the photoionised corona and wind. These are called accretion disk corona (ADC) sources,
and they give a different angle on the corona and wind structure above the disk than seen in the absorption lines
discussed above.
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4.2 Prospects & Strategy
The spectrum of emission lines from the X-ray heated wind and/or corona above the disk is extremely rich in
plasma diagnostics (e.g. the theoretical calculations of the corona by Jimenez-Garate et al. 2002 shown in Fig
6).
4.3 Targets & Feasibility
To compare the wind features (not just the static corona) requires that we use an ADC which has a large enough
orbital period to drive a wind. This uniquely selects 2S0921-63, the longest period ADC source (9.02 days e.g.
Kallman et al. 2003). This shows true eclipses as well as orbital ADC modulation, and the eclipse gives the
cleanest possible diagnostic of the scattering material at large distances from the source, weighting the emission
to the wind region rather than the static corona below 0.2RIC . The eclipse lasts up to 80 ks, setting the upper
limit to the time for a single observation, with 2-10 keV flux of 9× 10−11 ergs cm−2 s−1 (EPIC PN) with strong
line emission from Fe XXV and XXVI as well as multiple species at lower energy (Kallman et al. 2003). The
iron Kα (and β) line intrinsic widths should uniquely determine the wind outflow velocity. These emission lines
should also be accompanied by by absorption lines, though these are much reduced due to the geometry. These
intrinsic line widths are not well constrained by the EPIC PN and MOS cameras due to their poor resolution,
with width < 1300 km/s, nor are they well constrained by the Chandra HETG data due to low statistics.
We simulate an 80 ks eclipse spectrum using the XMM-Newton data reported in Kallman et al. (2003) giving
4 cts/s in the SXS (Fig 7). The Fe Kα lines are simulated assuming these are from a wind with outflow velocity
of 450 km/s, giving an intrinsic width of 450km/s (i.e. 0.01 keV). This intrinsic width of both 6.7 and 6.95 keV
emission lines can be easily constrained in the 80 ks simulation, showing that this is detecting emission from
the wind.
The alternative bright ADC source X1822-371 has much shorter orbital period of 5.57 hours. This gives an
implied disk size of ∼ 5 × 1010 cm, which is just large enough for a thermal wind to form, especially as this
system is probably intrinsically close to LEdd. There are existing Chandra HETG spectra of this source which
show a weak FeXXVI resonance line which is consistent with comming from the static corona/outflow region
with R < 3.7×1010 cm (from eclipse location). This emission line is narrow, with σ < 400 km/s (Ji et al. 2011;
Iaria et al. 2013), implying that the wind outflow velocity is of this order. This seems surprisingly small for a
system close to LEdd. Most of the other lower ionisation lines come from material associated with the disk edge
(Ji et al. 2011; Iaria et al. 2013).
4.4 Beyond Feasibility
Bursts are unlikely to be seen as the source is intrinsically quite luminous, so should be in the regime of stable
nuclear burning. However, the lower energy line emission spectrum should be extremely rich, allowing multiple
other diagnostics of the wind and corona.
5 Spectral modelling requirements
There is still much work to be done on model development in order to access the full science from SXS
observations. These are:
Section 1 on the NS equation of state. The models of the NS surface spectra have so far only been calcu-
lated for purely thermal emission. However, the island state has a strong hard X-ray component which will
illuminate the surface, potentially changing the gradient in ionisation state with scale height. These effects
should be incorporated into the models in order to get a better estimate of the predicted equivalent width of the
absorption lines. However, any significant detection of these absorption lines is a clean measure of M/R so this
is not required to interpret the data if the lines are seen. More fundamentally, models of the abundance of the
NS surface during steady accretion (rather than bursts) are highly uncertain, and it is possible that the heavy
elements do sink below the photosphere so that there are no atomic features from the surface at all.
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Section 2 on the wind in absorption from LMXRB. The wind absorption will likely be first characterised
using the XSTAR photoionisation absorption models. These have recently been extended to include the doublet
structure of the Kα line from H-like iron, however the data will also require this for He-like iron as well.
The emission associated with the wind cannot be calculated just using the (spherical) P Cygni approach as the
wind is equatorial. Better models which include the emission and absorption for a given geometry are needed
to get the tightest constraints from the observed line profiles. Updated (Woods et al. 1996) hydrodynamic sim-
ulations of thermal winds including radiation transfer are needed to make detailed predictions of the absorption
line profiles predicted by thermal wind models.
Section 3 on the wind in emission from ADC LMXRB. There are sophisticated models, but there needs to
be a lot of development to bridge between the models and diagnostics of the wind versus static corona and the
dipping material.
6 Summary of Top Science
1. Objective: Measure M/R of a NS to a few percent.
Why: To constrain the equation of state of dense matter to order of magnitude better accuracy than the
10-20% from current measurements.
How: By detecting absorption lines from the surface of a neutron star with low projected velocity from
rotation. This requires either low inclination (the steady source Ser X-1, on the banana branch where the
NS surface at the poles should be seen directly) or slow rotation (the transient source T5X2, an 11 Hz
AMXP, where the surface should be directly visible in the island state, requiring a ToO).
2. Objective: To measure the velocity profile of the accretion disk wind
Why: To determine how the wind is launched and accelerated.
How: Thermal wind models make some very specific predictions about the radial structure of the wind -
its launch radius and its velocity profile. These are testable from high signal-to-noise SXS observations
of the H and He-like absorption (and emission) lines in both Kα and β.
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Figure 2: a) Ser X-1 Suzaku XIS (black) and HXD (grey) data, fit with diskbb (red) + 6 M K NS surface convolved with the transfer
function expected for 10◦ inclination (green) + Comptonised boundary layer with seed photons at ∼ 6 M K (blue) and its reflection
(cyan). b) The spectrum in a) simulated through the SXS with the neutral density filter for 50 ks. The model is as in a) except that the
NS surface is replaced by a blackbody (green). c) residuals from the data/model fit in b) clearly showing the 4 main absorption lines
seen in the model in a).
Figure 3: As in Figure 1 but for the AMXP where the magnetic field (black) is dynamically important and can collimate part of the
accretion flow onto the magnetic poles.
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Figure 4: a) The model spectrum (black line) of an island state observation of J1808 from Kajava et al. (2011). The red, green and
blue lines show the accretion disk, NS surface and corona, respectively. The grey line shows an NS surface photosphere model, scaled
to best match the inferred surface emission in J1808. b) The model from a) including the NS photosphere, scaled to the distance of
T5X2 and with NH = 1.5 × 1022 cm−2 simulated through the SXS response for 100ks. This is fit with a continuum model with a disc
(red) and corona (blue) but the NS surface is asumed to be a blackbody (green), i.e. without spectral features. c) Residuals to the fit in
b), showing the absorption lines from SXVI (∼ 2 keV), ArXVII/SXVI blend, CaXIX and FeXXV (∼ 5 keV). Together these give an
unambiguous, accurate measurement of M/R.
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Figure 5: a) The overall spectrum of GX13+1 simulated for 50 ks, similar to that seen with the Chandra HETG (Ueda et al. 2004).
Multiple absorption lines are easily seen. b) Close up of the strongest Fe line from (a), showing that it is saturated. c) Red line:
absorption/emission line P Cygni profile from a wind which accelerates quickly, so most material is at the terminal velocity, as expected
for thermal winds. The black line is normalised to the same line shift and equivalent width, but has a much slower acceleration profile.
The difference in the blue wing of the absorption is significantly detected.
Figure 6: The recombination line and continuum spectrum from a corona above a NS disk where the central NS and disk is obscured
by a column of 1024 cm−2 (Jimenez-Garate et al. 2002)
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Figure 7: Simulated 80 ks eclipse spectrum of 2S0921-63. The data can easily determine the intrinsic width of the Fe XXV and XXVI
emission lines, and hence constrain the velocity of the scattering material.
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